-dependent glycerol transport systems and elucidating their transport mechanisms, although the one found in HCT-15 cells in this study seems to be different from one previously found in the rat small intestine.
Glycerol is a small hydrophilic solute and, until now, it was generally believed to be absorbed mainly by paracellular passive transport from the intestine. However, we recently found that glycerol absorption is saturable in the rat small intestine in situ, 1) an indication of the potential involvement of carrier-mediated transport. The saturable glycerol transport was further shown to require Na ϩ and metabolic energy, and was specifically inhibited by several alcohol-related compounds analogous to glycerol, such as glycerol 3-phosphate, in a study using everted sacs of rat small intestine.
2) Thus, it is likely that a carrier-mediated transport system, which is Na ϩ -dependent and secondarily active, is involved in the efficient absorption and utilization of this nutritional substance, which can be liberated from dietary fat (triglycerides) in the intestinal tract. 3) In the body, glycerol is known to be utilized for gluconeogenesis, lipogenesis and oxidation; hence, as an important intermediate of energy metabolism, it could be involved in various physiological and pathological processes. 4) Thus, it would be of great interest to clarify the mechanisms involved in its disposition in various organs as well as the intestine.
It is known that aquaporin (AQP) water channel proteins include those which can also act as channels for small neutral solutes, such as glycerol, and these are called aquaglycerolporins. 5, 6) They are known to be distributed in various organs and are attracting attention with regard to their roles in the disposition and metabolism of glycerol. However, transport through such channels is expected to be via a linear (unsaturable) process, as reported for glycerol transport through AQP3. 7) It is kinetically distinct from saturable intestinal glycerol transport. Therefore, the Na ϩ -dependent saturable transport system found in the intestine may belong to a group of glycerol transport systems different from aquaglyceroporins, although such a transport system has not been reported in any other organ to our knowledge.
HCT-15 is a human colon cancer cell line, which was found to be able to perform Na ϩ -dependent glycerol uptake in our preliminary screen of several cell lines. The purpose of the present study was to demonstrate such uptake and characterize it kinetically. As documented in the present study, the carrier-mediated glycerol transport system found in HCT-15 cells may not be identical to the one in the rat small intestine. However, HCT-15 could still be a useful model cell line for studies to identify a group of Na ϩ -dependent glycerol transport systems, including the one in the small intestine, and to elucidate their transport mechanism. Such transport systems would be of interest as possible pathways of drug delivery and targets of drug development. It has recently been suggested that an Na ؉ -dependent carrier-mediated transport system is involved in intestinal glycerol absorption. Such a transport system is of general interest as a possible pathway of drug delivery and a target of drug development. However, the Na ؉ -dependent mechanism of cellular glycerol uptake has not been fully clarified in the small intestine or in any other organ. The purpose of the present study was to examine glycerol uptake in the HCT-15 human colon cancer cell line, which was found to be able to perform Na ؉ -dependent glycerol uptake, to determine the transport characteristics and help identify such glycerol transport systems. The uptake of glycerol in HCT-15 cells was highly saturable with a Michaelis constant of 15.0 m mM and a maximum uptake rate of 11.9 pmol/min/mg protein, accompanied by minimal unsaturable transport; it was reduced markedly under Na ؉ -free conditions, indicating Na ؉ requirement. Glycerol uptake was also reduced by 2,4-dinitrophenol, a metabolic inhibitor. These results suggest that a carrier-mediated glycerol transport system, which is Na ؉ -dependent and secondarily active, is present in HCT-15 cells. The transport system could be specific for glycerol and some analogous compounds with hydroxyl groups, since glycerol uptake was inhibited by some alcohols and compounds related to glycerol, such as 1,2-propanediol and glycerol 3-phosphpate. However, it may represent a high affinity transport system, which is different from the one in the small intestine, because the Michaelis constant of 15.0 m mM is about 50-fold lower than that observed in the rat small intestine. In conclusion, this is the first study to demonstrate an Na 3 H]glycerol (0.4 mM) and, when required, also unlabeled glycerol to adjust the concentration. The cells in each well were preincubated in glycerol-free Hanks' solution (1 ml) for 5 min, unless otherwise indicated. After removing the preincubation solution, uptake was initiated by adding 0.25 ml of Hanks' solution (pH 7.5) containing [ 3 H]glycerol at 37°C. To stop uptake, 1.5 ml of ice-cold Hanks' solution was added, and the cells were washed twice with ice-cold Hanks' solution (2 ml). To determine the amount of [ 3 H]glycerol taken up by the cells, the cells in each well were solubilized in 0.2 M NaOH containing 0.5% SDS (0.5 ml) for 2 h, transferred to a counting vial, and then 5 ml Clear-sol II, a scintillation fluid, was added. The cellular protein content was determined by the method of Lowry et al. 8) In experiments to test the effects of 2,4-dinitrophenol (DNP), a metabolic inhibitor, and HgCl 2 , a thiol-modifying reagent, on glycerol uptake, these inhibitors were added to the preincubation solution, but not to the test solution. To test the effect of other compounds, each compound was added only to the test solution so that they were present only during uptake. When the uptake under Na ϩ -free conditions was evaluated, the NaCl in the preincubation solution as well as the test solution was replaced by various solutes, as indicated, and Na 2 HPO 4 was replaced by K 2 HPO 4 .
MATERIALS AND METHODS

Materials
Data Treatment The uptake was estimated by subtracting the amount initially adsorbed to the cells. The uptake rate (J) was calculated by dividing the uptake by time during the initial uptake phase (30 min), where uptake was proportional to time. The uptake clearance (CL up ) was calculated by dividing J by the concentration in the medium (C m ).
The expression of CL up for Michaelis-Menten type carrier-mediated transport with simultaneous passive transport is as follows: (1) where J max , K m and CL m,d are the maximum transport rate, the Michaelis constant and the membrane permeability clearance for passive transport, respectively. The kinetic parameters of J max , K m and CL m,d were estimated by fitting Eq. 1 to the experimental data of the CL up versus C m profile using a nonlinear regression program, WinNonlin (Pharsight Co., Mountain View, CA, U.S.A.), and the reciprocal of the variance as the weight.
Estimation of Cellular Volume The cellular volume was estimated from the equilibrium uptake of 14 C-labeled 3-O-MG, according to a method in literature.
9) The uptake of 3-O-MG (1 mM) in HCT-15 cells is independent of Na ϩ and rapidly reaches equilibrium by about 10 min after initiation of uptake, suggesting that it is mediated by GLUT facilitated carriers, and this derivative of D-glucose is known not to undergo metabolism or bind to cellular components to any significant extent. Therefore, the ratio of its uptake to concentration in the medium at equilibrium can be used as an estimate of the cellular volume. The equilibrium uptake of [ 14 C]3-O-MG (1 mM) was evaluated at 10 min by the same experimental procedure that was used for the uptake evaluation of [ 3 H]glycerol. Statistical Analysis Differences between groups were examined for statistical significance by using analysis of variance (ANOVA) followed by Dunnett's test.
RESULTS
Time-Course of Glycerol Uptake
The uptake of glycerol (2 mM) increased proportionally with time up to 30 min in HCT-15 cells, as shown in Fig. 1 . Based on this result, the initial uptake of glycerol was evaluated at 30 min after initiation of uptake in subsequent experiments.
The cellular volume was estimated to be 0.996ϫ0.023 ml/ mg protein (meanϮS.E., nϭ4) from the equilibrium uptake of 3-O-MG. Therefore, the apparent concentration of glycerol in the cells was estimated to be as high as 34 mM at 30 min, indicating 17-hold accumulation in the cells over the medium.
Glycerol Uptake by Na ؉ -Dependent Active Transport As shown in Fig. 2 , the clearance of glycerol uptake by HCT-15 cells decreased markedly at concentrations above 2 mM, suggesting the involvement of saturable transport. Kinetic analysis of the concentration-dependent profile of the uptake clearance (CL up ) revealed that the saturable transport con- formed to Michaelis-Menten type carrier-mediated transport with a J max of 11.9 pmol/min/mg protein and a K m of 15.0 mM, and was accompanied by minimal unsaturable transport (passive transport) with a CL m,d of 0.045 ml/min/mg protein. The J max /K m , which represents the coefficient of carriermediated transport at concentrations far below K m , was 0.793 ml/min/mg protein, being about 18 times greater than CL m,d . Therefore, at such low concentrations, carrier-mediated transport prevails, accounting for about 95% of the total transport.
At a trace glycerol concentration of 0.4 mM, where CL up is high with the contribution of carrier-mediated transport being predominant, glycerol uptake was significantly reduced when Na ϩ was removed by substitution of NaCl by various chloride salts, choline Cl, KCl, LiCl and RbCl, and sugars, mannitol, sorbitol and raffinose ( Table 1 ). As shown in Table  2 , it was also found that the CL up at 0.4 mM glycerol was reduced by pretreatment with DNP, a metabolic inhibitor.
These results suggest that the carrier-mediated glycerol transport is Na ϩ -dependent and secondarily active. Since HgCl 2 , a thiol-modifying reagent, also inhibited glycerol uptake (Table 2) , cysteine residues, which have a thiol group, appear to play an important role in the function of the carrier.
Effect of Various Compounds on Glycerol Uptake
To help clarify the substrate specificity of the carrier-mediated glycerol transport system, we examined the effect of various compounds, including alcohol-related compounds analogous to glycerol, on glycerol uptake at a trace glycerol concentration of 0.4 mM, where kinetic analysis had suggested that carrier-mediated transport was predominant. The alcohol-related compounds tested were all found to significantly inhibit glycerol uptake (Fig. 3) . However, the degree of inhibition was only moderate, being not greater than about 40% at an inhibitor concentration of 5 or 10 mM. Since these concentrations are several hundred-fold greater than the K m of glycerol uptake, the affinity of those inhibitors for the glycerol carrier is much lower than that of glycerol itself, even if they interacted with the carrier. The effect of xanthine derivatives was examined to see if they shared the carrier-mediated glycerol transport system, as suggested for AQP9, an aquaglyceroporin. 10) However, none of them inhibited glycerol uptake (Fig. 4) . Of the various alcohols tested, only 1,2-ethanediol (ethylene glycol) and 1,2-propanediol (propylene glycol) showed a significant inhibitory effect (Fig. 5) . 1,2-Propanediol was the most potent inhibitor found in this study. We also examined the effect of substrates of several carrier-mediated transport systems (Fig. 6) . The substrates tested were L-ascorbate (vitamin C) for Na ϩ -dependent vitamin C transporters (SVCT1 and SVCT2), 11) L-alanine for various types of amino acid transporters, 12) and adenine and thymine for the equilibrative nucleoside transporter 2 (ENT2). 13) Although only adenine was found to inhibit glycerol uptake significantly, its inhibitory effect was as weak as that of the alcohol-related inhibitors shown in Fig. 3 . Therefore, these transport systems and substrates do not seem to be very rele- vant to glycerol transport or associated transport systems.
These results suggest that the carrier-mediated transport system is highly specific for glycerol. Although some analogous compounds that have hydroxyl groups might be recognized by the carrier as substrates, most of those identified as inhibitors possessed only weak affinity.
DISCUSSION
Several cell lines underwent a preliminary screening for an Na ϩ -dependent carrier-mediated transport system by examining the Na ϩ -dependence in glycerol uptake. Caco-2 cells, which are widely used as an intestinal epithelia-like model, were included. Unfortunately they did not exhibit Na ϩ -dependent glycerol uptake capability. From a few cell lines able to perform Na ϩ -dependent glycerol uptake, HCT-15 cells were selected as an alternative with the greatest capability.
The uptake of glycerol was highly saturable and Na ϩ -dependent in HCT-15 cells. This was similar to what we previously found in the rat small intestine. 1, 2, 14) However, the K m of glycerol transport was about 50-fold lower in the former (15.0 mM) compared with the latter (0.77 mM), indicating a marked difference in affinity. The one in HCT-15 cells may represent a high affinity transport system, which is different from the one with a lower affinity in the small intestine. There were also some notable differences between them in terms of the effect of various compounds on glycerol uptake, indicating some differences in the recognition of substrates and inhibitors. 1,2-Ethanediol was one of only two alcohols, which showed a significant inhibitory effect in HCT-15 cells. However, it did not inhibit glycerol uptake in the rat small intestine in our previous studies. 2, 14) In HCT-15 cells, 1,3-propanediol did not alter glycerol uptake at all, while 1,2-propanediol was a potent inhibitor. In the rat small intestine, however, both propanediols were equally effective as inhibitors. 2, 14) These results suggest important roles for hydroxyl groups and their positions as far as substrate recognition is concerned. Mephenesin and methocarbamol showed some inhibitory effect in HCT-15 cells, but not in the rat small intestine. 2, 14) Although glycerol 3-phosphate (10 mM) and chloramphenicol (5 mM) inhibited carrier-mediated glycerol uptake by as much as 80% in the rat small intestine, 2) the corresponding figure was only about 30% in HCT-15 cells.
The replacement of Na ϩ with various cations in general caused extensive inhibition of glycerol uptake, indicating an Na ϩ requirement for transport. However, among them, the replacement with Li ϩ produced only minimal inhibition, being far less effective than the others. Only this smallest cation may be capable of driving the carrier-mediated glycerol transport systems almost as effectively as Na ϩ . It is known in Escherichia coli that the entry of glycerol into the cell is mediated by a channel-like facilitator protein, GlpF, the transport of which is characterized by concentration-and temperature-independence and the absence of competitive inhibitors. 15, 16) The GlpF orthologues identified in mammals are aquaglyceroporins. 5, 6) Although they belong to a group of water channels named aquaporins (AQPs), they also act as channels for small hydrophilic solutes, typically glycerol. 10) On the other hand, while glycerol transport by aquaglyceroporins has been suggested to be concentrationindependent, 7) consistent with the characteristics of a channel, saturable glycerol transport has been reported in rat hepatocytes 17, 18) and Novikoff rat hepatoma cells, 19) suggesting the presence of carrier-mediated transport systems different from aquaglyceroporins. Although they have not been fully characterized, they are generally presumed to be facilitated transport systems, which do not require metabolic energy. The K m of glycerol transport in isolated rat hepatocytes 17) and Novikoff cells, 19) at a value of 100 mM in the both, is about 7-fold greater than that (15.0 mM) in HCT-15 cells. Even greater K m values of 250 to 402 mM have been reported in rat hepatocytes cultured under various hormonal conditions. 18) Thus, the Na ϩ -dependent glycerol transport systems found in the present study and in our earlier studies are quite different in terms of their functional characteristics from those channels and facilitated transporters and, hence, seem to belong to a novel group of glycerol transport systems, which are Na ϩ -coupled and secondarily active.
Although D-glucose (25 mM) was included in solutions for uptake experiments to maintain cellular conditions, it could be a factor that may modulate glycerol uptake, depending on the cell type. It has been reported that, by addition of D-glucose at 5 mM, the uptake rate of glycerol (0.1 mM) is reduced by about 50% in Novikoff cells and Hela cells, while there is a slight increase in HEP-2 cells. 19) However, such an effect of D-glucose in HCT-15 cells was examined in preliminary experiments, and found to be minimal because the uptake of glycerol (0.4 mM) was higher, but by only 20%, in the absence of D-glucose compared with that in its presence (25 mM). Even if D-glucose might have affinity for the carrier-mediated glycerol transport system, this affinity should be much lower than that of glycerol. Glycerol transport was evaluated using the total radioactivity taken up by the cells throughout this study. Although we cannot exclude the possibility that glycerol might be partially metabolized in the cells, it can be assumed that the flux of glycerol entering the cells across the cellular membrane is evaluated as long as the initial rate of uptake is maintained as shown in Fig. 1 . The extensive accumulation by 17 times in the cells over the medium, as evaluated at 30 min, suggests that concentrative uptake by active transport is possible as a mechanism. For more detailed analysis, however, it may be necessary to examine the metabolism of glycerol in the future.
In conclusion, this study is the first to demonstrate Na ϩ -dependent carrier-mediated glycerol transport in an established cell line. This will help in identifying a group of Na ϩ -dependent glycerol transport systems and elucidating their transport mechanisms, although the one found in HCT-15 cells in this study seems to be different from the one previously found in the rat small intestine. It will be of interest to further explore the possibility that such glycerol transport systems might be used as pathways for drug delivery and targets of drug development.
